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Abstract 
With the advent of more precise dating methods, it has become apparent that zircon dates 
from granite plutons frequently indicate older emplacement ages than other dating methods. 
Here we attempt to reconcile a number of dating methods from the c. 5 km
2
 Caledonian Shap 
granite, Northern England. The results reveal a more complex and protracted evolution than 
indicated by application of any single dating method. Zircon U-Pb dates give a weighted 
mean age of 415.6 ± 1.4 (2) Ma. A mafic enclave, dated at 412 ± 2 (2) Ma (revised Rb-Sr 
feldspar age from Davidson et al., 2005), contains resorbed K-feldspar and zircon crystals 
scavenged from the host crystal mush. These ages are at odds with field relations in the 
thermal aureole that suggest final emplacement at approximately 404 Ma or later during 
Acadian deformation. Previously reported Re-Os ages on molybdenites associated with 
magmatic fluids, have given ages of 405.2 ± 1.8 (2) Ma (Selby et al., 2008) and confirm the 
overlap of at least some magmatic activity with Acadian deformation. A similar emplacement 
age is supported by Rb-Sr whole-rock-mineral and biotite K-Ar dates when adjusted for 
revised decay constants (402 ± 3 Ma and 401 ± 7 Ma, respectively, Wadge et al., 1978). The 
lower closure temperatures of these systems relative to the U-Pb system in zircon means that 
they are more likely to record the timing of final granite emplacement. These data suggest 
that most zircons grew before final granite emplacement, by about 10 Ma on average. We 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
2 
 
suggest that the majority of zircon crystals record pre-emplacement magmatic activity within 
a deeper part of the system. Mafic enclaves and their scavenged cargo of crystals record the 
assembly of a mid-crustal batholith where crystals remained at least locally mobile at 412 
Ma. Gravity data support the existence of an extensive, 1500 km
2
 intrusive body, originally at 
about 15 km depth beneath Shap. This batholith is likely to have remained below the granite 
solidus for much of its existence due to conductive heat loss, but episodic influxes of silicic 
magma between c. 412 and 405 Ma are thought to have enabled periods of rejuvenation. 
These influxes are recorded by complex compositional zoning patterns within K-feldspar 
megacrysts. The Shap granite itself is likely to represent a rejuvenated crystal slurry, 
emplaced as a cylindrical cupola above the main magma body during Acadian transpression. 
This study highlights the importance of integrating different dating techniques and that final 
emplacement of granites can only be indicated by the youngest zircon ages. 
 
1. Introduction 
The incremental assembly of large magma bodies is a natural consequence of the low 
temperature and brittle nature of the upper crust, which limits rates of magma emplacement 
(Clemens and Mawer, 1992; Coleman et al., 2004; Lipman, 2007). In support of this, high 
precision methods of dating minerals (e.g. thermal ionisation mass spectrometry, high 
resolution ion probe dating and U-series disequilibria) commonly reveal spectra of 
crystallisation ages in granite plutons, suggesting that magmatic systems remain episodically 
active on the order of thousands to millions of years (e.g. Brown and Fletcher, 1999; Oberli et 
al., 2004; Glazner et al., 2004; Coleman et al, 2004; Charlier et al., 2005; Bindeman et al., 
2006; Claiborne et al., 2006; Matzel et al., 2006; Miller et al., 2007; Walker et al., 2007; 
Lipman, 2007; Schaltegger et al., 2009; Memeti et al., 2010; Schoene et al., 2012; Farina et 
al., 2012; Wotzlaw et al., 2013; Broderick et al., 2015; Barboni et al., 2015; Samperton et al., 
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2015; Annen et al., 2015; Cassidy et al., 2015; Buret et al., 2017; Fritschle et al., 2017). 
However, it is  apparent that crystals within a single sample may also record markedly 
different ages and/or compositional histories (e.g. Broxton et al., 1989; Cooper and Reid, 
2003; Costa et al., 2003; Claiborne et al., 2006; Ramos and Reid, 2005; Walker et al., 2007; 
Davidson et al., 2001; 2005; 2007; Barbey et al., 2008; Lissenberg, 2009; Schoene et al., 
2012; Barboni et al., 2015; Cassidy et al., 2015). These complexities reflect the propensity of 
zircon in particular to survive crystal recycling between successive magma pulses and to 
record protracted crystallisation histories (e.g. Miller et al., 2007; Claiborne et al., 2010; 
Barboni et al., 2015). Using zircon age populations to estimate rates of magma emplacement 
and storage in the crust have therefore become increasingly difficult to reconcile with thermal 
models (e.g. Lissenberg, 2009; Schoene et al., 2012). Furthermore, the relationship between 
zircon dates and magma emplacement are often obscure (Barboni et al., 2015) and frequently 
differ markedly from other methods of dating. 
 
The delivery of mixed crystal populations into growing batholiths is compatible with the 
formation of evolved melts by melt segregation from deep crustal hot zones (Annen et al., 
2006; Annen 2009; Solano et al., 2014). In these models, hot, mantle-derived basalts are 
emplaced into the lower crust and generate a region of crystal mush. The evolved melt phase 
is derived from crystallisation of mafic magmas and partial melting of crustal rocks. The 
importance of crustal melting in generating granitic melts was recently highlighted by Collins 
et al. (2016) who suggest that aqueous fluids exsolved from mafic underplate promote water-
fluxed partial melting at ambient pressure-temperature conditions within the lower crust. 
Zircons (and other mineral phases) with a range of crystallisation ages may develop during 
this ‘incubation period’ during which most silicic magma is generated. Some accessory 
minerals may also be prevented from interacting with later melts due to being isolated, or 
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armoured, within other silicate phases (e.g. Miller et al., 2007; Paterson, 2009), leading to 
further age and compositional differences between adjacent crystals.  Evolved melts are 
thought to accumulate by movement along grain boundaries until a mobile magma can 
ascend to shallower levels where batholiths may grow (Jackson et al., 2003; 2005; Solano et 
al., 2012; 2014). Antecrysts – crystals that crystallised from earlier magmas formed during 
the incubation period – may potentially be transported to higher crustal levels during magma 
ascent. Accessory minerals may therefore preserve a record of magmatic processes from 
much deeper and older parts of the magmatic system.   
 
Over the past two decades, many authors have interpreted textural and crystal heterogeneities 
within batholiths as evidence for incremental assembly by small magma pulses from deep 
crustal hot zones over timescales of as much as c. 10
6
 years (e.g. McNulty et al., 1996; 
Coleman et al., 2004; Glazner et al., 2004; Gray et al., 2008). However, large plutons 
commonly contain complex and widespread arrays of structures (e.g. tubes, troughs, diapirs 
and plume heads) that are said to reflect processes such as mixing and convection within 
largely constructed mush bodies, some of which approach, and may even exceed 50% 
crystals (e.g. Wiebe, 1996; Wiebe and Collins, 1996; Marsh, 1996, 2006; Miller and Miller, 
2002; Walker et al., 207, Paterson, 2009; Paterson et al., 2016; Plail et al., 2018). Mixed 
crystal populations may therefore reflect a combination of inheritance from lower crustal hot 
zones and further dispersion at the emplacement level. However, the scale over which these 
processes operate within batholiths remains unclear (e.g. Paterson, 2009).  
 
It is also apparent that most crystals only spend a small fraction of the total magma storage 
history at temperatures above the critical crystallinity at which a crystal mush may be mobile 
(Cooper and Kent, 2014; Szymanowski et al., 2017). Despite this, rapid mobilisation of 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
5 
 
magmas stored at near-solidus temperatures may occur episodically within batholiths and 
crystal mushes during infiltration of new magmas caused by compaction or by the injection 
of new magma into the system. Magmatic systems may therefore remain ephemerally active 
over time periods of as much as 10
6
 years. The rejuvenation of whole batholiths seems 
unlikely due to the large thermal input required, but local rejuvenation and crystal mobility 
seems probable.  
 
These complexities have brought into question the traditional view that large granite 
batholiths represent bodies of mainly molten magma emplaced over geologically short 
periods of time (e.g. Buddington, 1959; Pitcher and Berger, 1972; Petford et al., 2000) and 
that single zircon ages can yield the crystallisation age of an intrusion. It is therefore 
necessary to compare different dating methods to fully appreciate the extended assembly 
history of granites.  
 
Here we examine the emplacement history of the Caledonian Shap granite in Northern 
Britain. A number of dating methods have been applied to this granite where final 
emplacement is well constrained by field relations (Soper and Kneller, 1990). These relations 
suggest that emplacement post-dated most zircon growth, on average by some 10 Ma. We 
suggest that different dating systems record different magmatic events over a range of depths 
within the crust over a protracted period of time. We conclude that final granite emplacement 
can only be indicated by the youngest zircon ages. 
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2. The Caledonian Orogeny and associated 
magmatism  
 
The Caledonian Orogeny involved successive episodes of subduction and deformation, 
culminating in the assembly of Avalonia, Laurentia and Baltica between the early Ordovician 
and early Devonian (McKerrow et al., 2000). NW-directed subduction of the Iapetus Ocean 
began at about 455 Ma (Late Ordovician), associated with deep marine sedimentation and 
thrust faulting in the Southern Uplands accretionary prism (McKerrow et al., 1977; Leggett et 
al., 1979). SE-directed subduction along the southern, Avalonian margin of the Iapetus was 
terminated at this time by subduction of the Iapetus spreading ridge (Woodcock, 2012).  
 
Convergence between Laurentia and Avalonia switched from orthogonal to sinistrally 
transpressive at 430 Ma (mid-Silurian) evidenced by the clockwise transection of folds by 
cleavage in Ireland and the Southern Uplands (Anderson. 1987; Dewey et al., 1997; Dewey 
and Strachan, 2003). Deformation in the Southern Uplands accretionary prism weakened at 
this time (Kemp, 1987) and Laurentia-derived sediments lapped onto Avalonia. Lamprophyre 
dykes emplaced before 430 Ma are foliated whereas those emplaced after 430 Ma are not 
(Rock et al., 1986) suggesting that Laurentia/Avalonia convergence and Iapetus subduction 
ceased then.  
 
Up to 10-20 km of exhumation and erosion is evident in the Scottish Grampian and Northern 
Highlands terranes following Iapetus closure (Flinn, 1977; Clayburn, 1981; Watson, 1984; 
Atherton and Ghani; 2002), and coincides with deposition of non-marine clastic sediments 
(mostly lower Devonian Old Red Sandstone, ORS) within bordering fault-controlled 
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transtensional basins (Bluck, 1984; Smith, 1995; Dewey and Strachan, 2003). A stratigraphic 
thickness of at least 3.5 km of Lower ORS is thought to have accumulated within the basin in 
NW England, based on the metamorphic grade of units that lie conformably below the ORS 
(Soper and Woodcock, 2003). The majority of Caledonian magmatism (Fig. 1) coincided 
with the formation of these transtensional basins in Early Devonian time, across all terranes 
south of the Great Glen, including the Avalonian Leinster-Lakesman terrane (Brown et al., 
2008; Oliver et al., 2008; Miles et al., 2016). The vast majority of this magmatism was 
granitic and calc-alkaline in composition but this was accompanied by a coeval suite of 
lamprophyre dykes formed by small-degree melting of metasomatised mantle lithosphere 
(Rock et al., 1986; Brown et al., 2008; Miles et al., 2013; 2014; 2016).  
 
The Early Devonian magmatic phase post-dates Iapetus subduction by over 20 Ma (Oliver et 
al., 2008; Miles et al., 2016) and includes magmas emplaced south of the Iapetus Suture and 
its former subduction arc. The compositions of the Caledonian magmas, although calc-
alkaline, match magmas formed in post-collisional settings (Atherton and Ghani, 2002; 
Neilson et al., 2009; Miles et al., 2016). To explain these compositions, Atherton and Ghani 
(2002) proposed that slab break-off followed Iapetus closure, resulting in the replacement of 
highly metasomatised lithosphere by more buoyant asthenosphere. Subsequent gravitational 
collapse combined with highly oblique interaction between Avalonia and Laurentia led to the 
formation of transtensional basins, while the emplacement of asthenospheric mantle triggered 
lower crustal melting and granite formation (Atherton and Ghani, 2002; Nielson et al., 2009; 
Miles et al., 2013; 2014; 2016).  
 
Previous analyses suggested that the granites south of the Highland Boundary Fault (the 
Trans-Suture Suite, Brown et al., 2008) were younger and genetically unrelated to those 
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further north (Fig. 1). However, more recent Trans-Suture zircon dates are similar to granites 
in the Grampian terrane, north of the Highland Boundary Fault (Miles et al., 2014; 2016; 
Fritschle et al., 2017). Miles et al (2016) proposed a common causal mechanism for all 
magma generation south of the Great Glen involving detachment of the down-going slab and 
peeling back of the lithosphere south of the suture.       
 
Early Devonian transtension was followed by Acadian transpression and the development of 
clockwise-transecting sinistrally transpressive cleavage, mainly in Avalonian terranes (Soper 
et al., 1987; Dong et al., 1997; Soper and Woodcock, 2003). One cluster of cleavage ages 
from the Southern Uplands, Northern England and Wales mostly lie between 404-394 Ma 
(Emsian, Early Devonian; Merriman et al., 1995; Dong et al., 1997; Sherlock et al., 2003). 
Crucially, cleavage development overlapped the generation of metamorphic aureoles around 
the Shap and Skiddaw granites (Soper and Roberts, 1971; Boulter and Soper, 1973; Soper 
and Kneller, 1990) and the granite emplacement ages are therefore crucial for determining the 
sequence and timing of the Acadian deformation phase in the Lake District (Woodcock & 
Soper. 2006). An earlier cluster of cleavage ages at 426 to 420 Ma (Ludlow to Pridoli, late 
Silurian) in England and Wales dates a pre-Acadian resetting event synchronous with Iapetus 
closure. This event cannot date cleavage formation and crustal thickening in NW England, 
because deposition was continuous through this period and into at least 3.5km of now-eroded 
ORS. 
 
3. The Shap Granite 
The mineralogy of the Shap granite is broadly I-type (Chappell and White, 1974). Despite 
this, the moderately high initial 
87
Sr/
86
Sr ratios of 0.707 (Wadge et al., 1978), high 18O 
values of +11%, low initial εNd values of -2 and high levels of large-ion lithophile (LIL) and 
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radioactive elements are usually associated with more evolved S-type granites (Harmon and 
Halliday, 1980; Halliday 1980). Contamination from local sediments is ruled out by the 
absence of any strong negative P anomaly or positive B anomaly characteristic of local 
sedimentary rocks (O’Brien et al., 1985). It has been suggested instead that magmatic fluids 
have increased the content of fluid mobile LIL elements (O’Brien et al., 1985; Selby et al., 
2008) and is consistent with the extensive occurrence of late-stage sulphide minerals. Zircon 
Hf and O isotope compositions suggest a predominantly lower crustal origin for the Shap 
magmas (Miles et al., 2014).      
 
The Shap granite (Fig. 1) has three textural varieties (Stages I, II and III, Harker, 1928). 
Stages I and II show more gradational inter-relationships than with Stage III (Fig. 2). All 
three varieties contain Carlsbad-twinned orthoclase megacrysts up to 5cm in length that 
increase in abundance from 15% in Stage I, to 30% in Stage II and up to 60% in Stage III. 
Although contacts between Stages I and II are often diffuse, the Stage I granite was mostly 
emplaced before Stage II, with rafts of Stage I granite within the younger Stage II granite. 
The Stage III granite is a minor constituent of the pluton and is found as 1cm – 1m wide 
dyke-like bodies that cross-cut Stages I and II. Xenoliths of country rock derived from the 
Borrowdale Volcanic and Dent Groups are present close to the granite margin. 
 
Orthoclase megacrysts in the Stage I granite sometimes have thin plagioclase overgrowths 
and are set in a matrix composed of c. 35% plagioclase (zoned from andesite to albite), 20% 
orthoclase, 15% biotite and 15% quartz (Figs. 2 and 3). The Stage II granite makes up c. 90% 
of the exposure and is typically composed of 30% orthoclase megacrysts set in a groundmass 
of 25% plagioclase, 20% quartz, 15% orthoclase and 10% biotite (Figs. 2 and 3). Megacrysts 
may show a weak alignment. The Stage III granite is similar in composition to the Stage II 
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granite but contains c. 60% orthoclase megacrysts and less biotite. Stages I and II contain 
similar populations of accessory minerals, including sphene, apatite, magnetite, zircon, 
monazite and allanite. These minerals are generally euhedral in shape and occur both 
interstitially and as inclusions within all major mineral phases. Apatite, sphene and biotite 
commonly form clots in most areas. Biotite is generally euhedral to subhedral and often 
altered to chlorite. Plagioclase crystals are generally euhedral, compositionally zoned from 
andesine-oligoclase cores to albite-oligoclase rims and commonly contain inclusions of 
biotite.  
 
Orthoclase megacrysts are generally euhedral to subhedral (Fig. 2 and 3). However, late-stage 
overgrowths enclose other mineral phases in some samples (Fig. 3), suggesting variable 
degrees of late stage feldspar growth. The crystals exhibit perthitic exsolution textures (Lee et 
al., 1995; Cox et al., 1986; Lee et al., 1995) and show complex compositional zoning (Cox et 
al., 1996). They contain inclusions of plagioclase, biotite and quartz that increase in size and 
abundance towards the rims of the megacrysts (Fig. 7).  
 
The origin of K-feldspar megacrysts in granites has been much debated, with some authors 
favouring textural coarsening at sub-solidus conditions (e.g. Le Bas, 1982; Johnson and 
Glazner, 2009) and others a purely magmatic origin (Vernon and Paterson, 2008; Moore and 
Sisson, 2008; Farina et al., 2010; Vernon, 2010). A number of arguments favour the 
magmatic hypothesis for Shap: 1) the textural alignment of some megacrysts; 2) higher Ba 
contents in the megacrysts than in the groundmass suggesting earlier crystallisation (Cox et 
al., 1996); 3) chemical and isotopic zoning in the megacrysts suggesting growth in magmas 
with varying compositions (Cox et al., 1996); 4) increase in size and frequency of inclusions 
towards the rims of the megacrysts indicating simultaneous growth of megacrysts and 
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inclusions in the magma; 5) zonal alignment of inclusions, consistent with growth from a 
magma; 6) entrainment of early megacrysts within enclaves of more mafic melt (Fig. 2a-c).    
 
Fine to medium-grained aplites also cross cut the main granite and are composed mostly of 
quartz and orthoclase. These bodies are usually < 2 cm in width, with some up to a metre. 
Rare pod-shaped aplites, up to 0.5 m in size, within the Stage II granite record an earlier 
episode of aplite emplacement into a plastic crystal mush (Caunt, 1986).   
 
Elliptical microdioritic enclaves up to 2 m in length are present within the Stage I and II 
granites (Fig. 2a-c). These fine-medium enclaves consist of plagioclase, quartz, biotite and 
orthoclase. Rounded orthoclase megacrysts make up around 5-8% of most enclaves, with 
some found straddling the contact between enclaves and granite host. Those found within the 
enclaves are more rounded than those found in the granite due to resorption, and frequently 
have oligoclase overgrowths.  
 
Hydrothermal activity is concentrated around joints and veins and is associated with a wide 
range of secondary minerals. Two main vein assemblages are present: one contains quartz, 
calcite, bismuthinite and chalcopyrite, and the second contains quartz, calcite, haematite, 
fluorite and barite (Selby et al., 2008). Both vein types commonly intrude the centres of the 
Stage III granite bodies and result in a darkening of orthoclase megacrysts within a 5 m 
radius. 
 
4. Methodology 
Zircon crystals were separated using standard heavy liquid techniques before being hand-
picked and mounted in epoxy blocks. Polished grain mounts were imaged by SEM (JEOL 
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6310 Scanning Electron Microscope, Kingston University, London). Mounts were repolished 
using felt laps and cleaned ultrasonically in petroleum spirit prior to ion microprobe analysis. 
U-Th-Pb dating was carried out using a Cameca ims 1270 ion microprobe at the University of 
Edinburgh in 2010 (data published in Miles et al., 2014) and in March 2017. Both sessions 
used identical analytical procedures that are outlined in detail by Kelly et al. (2008) and 
summarized in Miles et al. (2014). Some crystals analysed in 2010 were subsequently 
analysed by LA-ICP-MS for a hafnium isotope study and then reimaged by SEM (results in 
Miles et al., 2014).  
 
U/Pb ratios were calibrated against zircon Geostandard 91500 (Wiedenbeck et al., 1995: c. 
1062.5 Ma). Reproducibility on the 
206
Pb/
238
U ratio of single repeats of 91500 were between 
1 and 1.5% (1) for different sessions. Corrections for in situ common Pb were made using 
measured 
204
Pb counts above that of the (?) detector background (0.2-1.5 ppb) and using the 
modern day composition of common Pb. Uncertainties associated with this correction 
(usually <15 ppb of 
206
Pb) are included in the calculation of errors on the U/Pb and Pb/Pb 
ratios. Processing of data was carried out using in-house data reduction spreadsheets (R.W. 
Hinton). 
 
Ages quoted in the text and in tables for single analyses are at the 1 level. Calculated group 
ages are reported at 95% confidence limits (2).  
 
QEMSCAN (Quantitative Elemental Mapping SCANning) images were obtained using a 
Quanta 650F, Field Emission Gun (FEG) Scanning Electron Microscope (SEM) equipped 
with two Bruker XFlash 6130 Energy Dispersive Spectrometers (EDS) at the Department of 
Earth Sciences, University of Cambridge. Analyses were performed by obtaining field-scans, 
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providing a complete characterisation of particle surfaces above a predefined electron 
backscatter threshold. The brightness coefficients were calibrated against quartz, gold and 
copper. Spectra were collected at 25 kV and 10 nA with 2000 total X-ray counts at spacings 
at 5, 10 or 20 µm, and compared to a Species Identification Protocol (SIP), which 
discriminates minerals by their X- ray and electron backscatter intensities. 
 
5. Results 
Zircon U-Pb ages obtained as part of this study are shown in normal type in Supplementary 
Table 1 while data from Miles et al. (2014) is shown in italics. Cathodoluminescence (CL) 
imaging of zircon crystals shows little evidence for inheritance or episodes of resorption (Fig. 
4). However, a number of zircon crystals appear to have more homogenous cores and 
oscillatory zoned rims (Fig. 4), both of which have been dated in this study. For individual 
samples, we use the mean square weighted deviation, MSWD (or reduced chi-squared 
statistic), to assess the likelihood that dates of different crystals within a population are 
statistically equivalent (Wendt and Carl, 1991). A MSWD value greater than 1 indicates that 
the scatter in data exceeds that predicted from analytical errors and that the source of scatter 
is geological. MSWD values of less than 1 suggest that one or more sources of uncertainty 
have been overestimated. A value close to 1 indicates that the population of U-Pb ages is 
statistically equivalent. However, the acceptable MSWD value used to identify equivalent 
populations is also dependent on the number of analyses used in the weighted mean, n. The 
accepted values are expressed as ± 1 + 2√2/𝑓 where f is the degrees of freedom (n-1) 
(Wendt and Carl, 1991; Spencer et al., 2016).  Zircon crystallization ages are reported in 
Table 1 and concordia with MSWD values are shown in a Supplementary figure. Although 
we cannot rule out the possibility of some Pb loss from these zircons, we see no relationship 
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between the U (or Th) content and absolute age (Table 1). We therefore conclude that Pb loss 
is not a significant factor and that the reported zircon ages are not significantly younger than 
the true ages. 
 
Zircon ages from the Stage I granite (Sample AM0923) range from 428 ± 4 Ma to 403 ± 5 
Ma with a mean weighted age of 414.6 ± 2.6 Ma  (2) (n = 12, MSWD: 2.3) (Fig. 5). 
Although core ages are generally older than rims, it is not possible to reliably distinguish 
them as separate populations. Two grains show significant age differences of 22 Ma and 10 
Ma between cores and rims.  
 
Two samples from the Shap II granite were analysed (AM0932 and SH06). Zircons in sample 
AM0932 range in age between 416 ± 4 and 407 ± 5 Ma with a weighted mean age of 412.3 ± 
4.0 Ma (2) (n = 8, MSWD: 1.1) (Fig. 5). There is no systematic difference between core and 
rim ages in this sample. Zircons in sample SH06 range from 412 ± 6 Ma to 406 ± 6 Ma with a 
weighted mean age of 418.6 ± 8.1 Ma (2) (n = 8, MSWD: 1.0) (Fig. 5). Core and rim ages 
lie within analytical error.  
 
Zircon cores from two enclaves were analysed. One was emplaced into the Stage I granite 
(AM0925) while a second was emplaced into the Stage II granite (AM0926). In the former, 
zircon ages range between 425 ± 4 and 413 ± 4 Ma with a weighted mean age of 417.9 ± 3.2 
Ma (2) (n = 7, MSWD: 0.9) (Table 1; Fig. 5). The enclave emplaced into the Stage II 
granite contains zircons with dates between 420 ± 4 Ma and 413 ± 4 Ma and a mean weighted 
age of 416.8 ± 3.8 Ma (2) (n = 5, MSWD: 0.5) (Table 1; Fig. 5).  
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Due to limited analytical precision (typically around 1% at the 1 level for SIMS analysis), 
the majority of zircon dates lie within analytical error at the 2 level. The distribution of ages 
is broadly unimodal (Fig. 6) and it is not possible to reliably distinguish separate zircon 
populations. We therefore use a weighted mean age for the entire population of 415.6 ± 1.4 
(2) (n = 39, MSWD: 1.4). This use does not imply that crystallisation of all the analysed 
zircons necessarily occurred at about 415.6 Ma, only that this hypothesis cannot be disproved 
given current analytical errors. Still plausible, though statistically less likely, is the alternative 
hypothesis that zircons crystallised over the extended time period from 428 ± 8Ma to 403 ± 
10 Ma suggested by individual zircon ages. 
 
Four QEMSCAN images of Stage II granite and its enclaves (example in Fig. 7a) have been 
used to count the typical textural sites in which zircon grains occur. The results from 174 
zircons (Fig. 7b) show that the majority (65%) occur at intergrain boundaries in the 
groundmass. Another 30% occur as inclusions in groundmass minerals, most commonly 
(15%) in biotite. Only the remaining 5% of zircons occur as inclusions in the Kspar 
megacrysts and then mostly in their rims, not their cores. The majority of zircons therefore 
appear to be texturally late. However, more precise dating methods such as ID-TIMS 
commonly conclude that most zircon populations contain complex mixtures of primary and 
recycled crystals (e.g. Miller et al., 2007; Claiborne et al., 2010; Barboni et al., 2015). Due to 
the limited analytical precision of in situ dating methods and a lack of contextual age data, it 
is not possible to reliably verify these textural relations. However, in this study, we argue that 
most zircon crystals large enough for in situ dating are commonly antecrysts formed at deeper 
levels within the magmatic system.  
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6. Discussion 
The mean zircon age of 415.6 ± 1.4 Ma reported here is significantly older than other 
reported ages from the Shap granite (Figs. 5 and 6). Here we investigate these differences and 
assess the degree to which most zircons record distinctly different stages of magma evolution 
compared to other dating methods.   
 
6.1 The absence of inherited xenocrysts 
When a single domain can be analysed, analytical uncertainties are accurately propagated and 
Pb-loss is not a significant issue, a concordant zircon U-Pb age reflects the time at which a 
particular area of a grain crystallised from a melt. However, it is increasingly apparent that 
crystals within a magma may have a variety of origins (e.g. Broxton et al., 1989; Cooper and 
Reid, 2003; Costa et al., 2003; Claiborne et al., 2006; Ramos and Reid, 2005; Walker et al., 
2007; Davidson et al., 2001; 2005; 2007; Barbey et al., 2008; Barboni et al., 2015). We 
follow Miller et al (2007) in using the term xenocryst for crystals that are derived from older 
host rocks. Xenocrysts have U-Pb ages older, often much older, than any known phase of 
magmatism. They are commonly identified texturally by their different CL responses 
compared with magmatic crystals and by their partial resorption. Xenocrysts are distinct from 
crystals inherited from earlier magmatic pulses within the same magma complex. We follow 
previous authors (e.g. Bacon and Lowenstern, 2005; Charlie et al., 2005; Metzel et al., 2006; 
Walker et al., 2007; Miller et al., 2007) in terming such zircons antecrysts. In contrast to 
xenocrysts, antecrysts may exhibit similar compositional and petrographic characteristics, 
despite having grown in distinct parts of the magma reservoir (Miller et al., 2007). Crystals 
associated exclusively with the pulse of magma that solidified to form the rock in which they 
are now found are termed autocrysts.  
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Previous studies have consistently failed to identify xenocrysts in the Shap granite (Pidgeon 
and Aftalion, 1978; Miles et al., 2014). This is confirmed here by the absence of Ordovician 
(or older) zircons from the surrounding Borrowdale Volcanic Group and Windermere 
Supergroup. The absence of xenocrysts is also a common and distinguishing characteristic of 
other granites in the TSS (Brown et al., 2008) and is in contrast to other Caledonian granites 
north of the Highland Boundary Fault in Scotland (Pidgeon and Aftalion, 1978; Miles et al., 
2014). The lack of resorption surfaces between zones also indicates an absence of inherited 
crystals and crystal cores (Fig. 4). This may simply reflect a lack of zircon in the granite 
source rocks. However, the absence of xenocrysts in even S-type members of the TSS 
(Pidgeon and Aftalion, 1978; Miles et al., 2014), suggests that zircon may also have been 
resorbed within the source region.  
 
Isotope compositions indicate that most TSS granites are derived by partial melting of lower 
crustal source rocks (Halliday, 1984; Miles et al., 2014). A comparison of Pb isotope 
compositions has recognised a common Avalonian source for granites emplaced either side of 
the Iapetus Suture (Thirlwall, 1989). For granites emplaced north of the suture (Fig. 1), the 
implication is that magmas were derived from below the northward dipping suture (imaged 
seismically by Freeman et al., 1988) and almost exclusively within the lower crust (Thirlwall, 
1989; Miles et al., 2013; 2014). Although the crustal architecture below Shap is less well 
constrained, elevated whole-rock La/Yb suggest that the Shap magmas were derived from a 
mafic source containing residual garnet in the lower crust (O’Brian et al., 1985).  
Furthermore, an input from local sediments can be ruled out by the absence of any strong 
negative P anomaly or positive B anomaly that are characteristic of local sedimentary units 
(O’Brien et al., 1985). 
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The generation of metaluminous melts from partial melting of hydrous, mafic lower crustal 
protoliths such as basalts and amphibolites requires temperatures of at least c. 900
o
C at 1GPa 
(e.g. Petford and Gallagher, 2001; Sisson et al., 2005; Annen et al., 2006; Miller et al., 2007). 
However, Collins et al. (2016) propose that exsolution of aqueous fluids from mafic magmas 
emplaced into the lower crust may promote water-fluxed partial melting at ambient pressure-
temperature conditions (~750-800
o
C at 0.8GPa). At 900
o
C, zircon saturation in the resulting 
metaluminous granitic melts would require c. 600 ppm Zr according to the saturation models 
of Watson and Harrison (1983). Zr concentrations in both main varieties of the Shap granite 
are < 200 ppm (Miles. PhD thesis) and suggest zircon saturation temperatures of c. 780
o
C. 
Initial magmas formed in the lower crust at around 900
o
C are therefore likely to have been 
undersaturated in zircon and capable of resorbing entrained xenocrysts. Miller et al (2007) 
demonstrated that even large zircon crystals (>250 µm) will dissolve on timescales of a few 
hundred years within granitic melts formed in the lower crust. For smaller crystals, these 
timescales were shown to be as little as a few tens of years. Alternatively, initial melts may 
have been saturated in zircon if melting occurred under ambient pressure and temperature 
conditions due to water-fluxed melting (Collins et al., 2016). In this case, the absence of 
zircon xenocrysts may simply reflect a lack of zircons in the mafic protolith(s). Although 
there is a clear absence of zircon xenocrysts at Shap, it remains difficult to determine whether 
initial melts in the lower crust were zircon saturated.  
 
We conclude that zircon xenocrysts are absent in the Shap granite. The observed assemblage 
of zircon crystals is therefore magmatic in origin. We next consider whether most zircon 
crystals are mainly antecrysts or autocrysts formed at the final level of emplacement. 
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6.2 Autocrysts formed at the level of emplacement? 
Emplacement of the Shap granite has long been considered an important marker for Acadian 
deformation (Boulter and Soper, 1973; Soper and Kneller, 1990; Selby et al., 2008; Miles et 
al., 2016). Biotite in the metamorphic aureole overgrows the regional cleavage (Boulter and 
Soper, 1973) while a cogenetic dyke swarm bears a supposed Acadian tectonic foliation 
(Soper and Kneller, 1990). These field relations imply that the Shap granite was emplaced 
during the Acadian deformation. Ar-Ar and K-Ar dating of cleavage-forming minerals from 
England and Wales suggests that Acadian deformation occurred between 404 and 394 Ma 
(Emsian, Early Devonian) and peaked at about 400 Ma (Miles et al., 2016; revised to new 
decay constant from Merriman et al., 1995; Dong et al., 1997; Sherlock et al., 2003). K-Ar 
data from NW England alone (Merriman et al., 1995) give a revised cleavage age of 401 ± 7 
Ma (Figs. 5 and 6) in Ludlow (late Silurian) rocks.  
 
Merriman et al. (1995) also obtained an Ar-Ar total fusion age from their NW England 
samples that recalculates to 422 ± 3 Ma. However, this age (Pridoli, late Silurian) cannot date 
Acadian shortening and cleavage formation, which happened under a thick overburden, 
mostly of Devonian rocks. The crystallite thickness of micas in the dated rocks (Merriman et 
al., 1995) suggests that cleavage formation in NW England occurred at about 250°C. This 
temperature implies an overburden of 10 km at a low geothermal gradient (Merriman et al., 
1995) or 4.5 km (3.5 km before shortening) at higher gradients (Soper & Woodcock, 2003). 
This overburden must have comprised mostly now-eroded Lower Devonian rocks, forcing the 
conclusion that the late Lower Devonian age of 401 ± 7 Ma best dates closure of the K-Ar 
system during Acadian cleavage formation. 
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In addition to Shap, the nearby Skiddaw granite also shows good field evidence for having 
been emplaced during the later stages of Acadian deformation. Here, andalusite in the inner 
thermal aureole pre-dates  the main regional cleavage, while in the outer zone, it overgrows 
the regional cleavage (Soper and Roberts, 1971). In an attempt to avoid inherited or recycled 
zircon crystals, Selby et al (2008) selected single, small acicular zircon crystals from the 
Skiddaw granite for high precision ID-TIMS dating. In contrast to the larger zircon crystals 
required for in situ dating, such delicate crystals are unlikely to have survived transport 
between magma batches and are instead more likely to be autocrysts formed at the final level 
of emplacement. Seven grains were shown to overlap within error to give a concordia age of 
398.8 ± 0.4 Ma. These authors consider this the most reliable estimate for final granite 
emplacement. This age is also consistent with the K-Ar age of 401 ± 7 Ma for the cleavage-
parallel micas. 
 
At Shap, the majority of  zircons large enough for in situ dating clearly do not have ages that 
overlap with Acadian deformation (Figs. 5 and 6). However, this does not rule out the 
possibility that smaller zircon crystals and/or overgrowths may record a younger syn-Acadian 
history. Continued magmatic activity for up to 10 Ma after the majority of zircon 
crystallisation is supported by the revised Rb-Sr feldspar age of 412 ± 2 Ma (Davidson et al., 
2005) and a Re-Os molybdenite age of 405.2 ± 1.8 Ma (Selby et al., 2008). The magmatic 
CO2-rich fluids responsible for molybdenite mineralisation underwent boiling between 300
o
C 
and 450
o
C at 440 to 620 bars, equating to a trapping depth of 3 to 6.3 km assuming a 
hydrostatic pressure gradient of 98.1 bar km
-1
 (Selby et al., 2008). In contrast to the Shap 
granite, fluid inclusions show that molybdenite mineralisation at the Skiddaw granite (Re-Os 
age of 392.3 ± 2.8 Ma) was post magmatic and associated with non-magmatic fluids (Selby et 
al., 2008).  
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We conclude that although the exact timing of final granite emplacement is difficult to 
determine, the field relations around the Shap granite demonstrate that it broadly coincided 
with the Acadian deformation that culminated around 405 Ma. We agree with Selby et al 
(2008) that Acadian deformation was probably episodic and somewhat diachronous from 
before c. 405 Ma (emplacement of the Shap granite) to after c. 398 (emplacement of the 
Skiddaw granite). We see no feasible mechanism for forming the majority of zircon crystals 
at approximately 416 Ma as autocrysts at shallow depths without imprinting a pre-Acadian 
thermal signature on local country rocks. We instead suggest that the majority of zircon 
crystals are antecrysts formed during an earlier and deeper stage of magmatism.     
 
6.3 Assembly of the Shap pluton in a mid-crustal mush zone? 
Despite its small size, the Shap granite is characterised by a significant amount of textural 
heterogeneity (Fig. 2), reminiscent of much larger batholiths such as the ~ 1100 km
2
 Late 
Cretaceous Tuolumne pluton in the central Sierra Nevada, California. These textures imply 
movement, sorting and accumulation of crystal-bearing magmas at temperatures well below 
the granite liquidus (Paterson, 2009). The weak alignment of K-feldspar megacrysts within an 
undeformed matrix of other minerals at Shap also demonstrates a degree of crystal mobility. 
Abundant rounded mafic enclaves (Fig. 2) show that these magmas were injected into a 
poorly consolidated crystal mush. Partially resorbed K-feldspar megacrysts within the 
enclaves (Fig. 2) also show that crystals were scavenged and transported from a ductile mush. 
A recent study suggests that enclaves may form as buoyant plumes that ascend and detach 
from hybrid thermal boundary layers between existing crystal mushes and new injections of 
more mafic magma (Plail et al., 2018). Many smaller (cryptic) injections of other magmas 
have been inferred from the complex textural, chemical and isotopic record preserved in 
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zoned K-feldspar megacrysts (Cox et al., 1996). These crystals document a history of 
progressive hybridisation with only the most voluminous episodes of mafic magma injection 
preserved as enclaves. The equal proportions of euhedral and subhedral crystals in both main 
varieties of the Shap granite (Fig. 3) suggest variable degrees of melt-crystal disequilibrium 
between different populations of megacrysts formed in compositionally different magmas.   
 
Experimental evidence suggests that K-feldspar saturation occurs at between 760-780
o
C in 
granitic melts with 4 wt% water at pressures of 3-5 kb (Piwinskii, 1968; Clemens and Wall, 
1981). At these temperatures, granite magmas contain c. 50 vol.% crystals (Villaros et al., 
2009). However, evidence is emerging that, even when the volume of crystals is >50 vol %, 
mushes remain mobile and able to interact and exchange crystals (Weibe, 1996; Weibe and 
Collins, 1998; Marsh, 1996, 2006; Miller and Miller, 2002; Bachmann and Bergantz, 2004; 
2008; Hersum et al., 2005; Walker et al., 2007; Žák and Klomínský, 2007; Paterson, 2009). 
Furthermore, it has been shown that water-rich, felsic magma mushes may remain 70-80% 
molten within just 15 to 20
o
C of the granite solidus (Scaillet et al., 1997, 1998) and that 
subsequent thermal and mechanical rejuvenation may occur due to the injection of new 
magmas. Despite this, most crystals are likely to have only spent a small fraction of the total 
magma storage history at temperatures above the critical crystallinity at which a crystal mush 
may be mobile (Cooper and Kent, 2014; Szymanowski et al., 2017). 
 
The age of at least one injection of mafic magma has been constrained by Davidson et al 
(2005), who reported a Rb-Sr isochron age of 412 ± 2 Ma (corrected here for the revised Rb 
decay constant, Nebel et al., 2011) on a single plagioclase-rimmed K-feldspar megacryst. 
This age demonstrates that at least some K-feldspar megacrysts had grown around 7 Ma prior 
to final granite emplacement. Despite limited analytical precision, we also note that only 
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zircons older than 413 Ma are found within the two enclaves studied here (Fig. 5).  This 
finding suggests that zircon crystals may also have been scavenged from an already 
heterogeneous population of crystals at around 412 Ma. The lack of a pre-Acadian thermal 
aureole around the Shap granite indicates that K-feldspar megacrysts and mafic magma 
injections occurred prior to granite emplacement at 3-6 km depth (Selby et al., 2008). 
Furthermore, the small size of the exposed granite and its shallow emplacement would 
require rapid development of the ductile textures observed in the field due to rapid cooling. It 
is thought more likely that the majority of textural features and injections of mafic magmas 
occurred within a larger and deeper batholith.    
 
Gravity modelling provides strong evidence for a much larger parental batholith to the Shap 
pluton. The gravity field shows that the Lake District is underlain by an extensive batholith 
with an estimated subsurface area of 1500 km
2
 (Bott, 1967; 1974; Lee, 1986; 1989; Kimbell 
et al., 2010). Shap, together with Eskdale, Ennerdale, Broad Oak, Threlkeld and Skiddaw are 
the outcrops of this batholith. These exposed granites represent steep cylindrical bodies that 
root into a continuous granitoid batholith at about 10 km depth. Considering the 3-6 km of 
Silurian and Devonian overburden that has been removed since granite emplacement (Soper 
and Woodcock, 2003), it is likely that the active mush body resided at about 15 km depth in 
the crust. Zircon ages show that the Eskdale and Ennerdale granites are late Ordovician 
(Hughes et al., 1996) and therefore considerably older than the Shap (this study) and Skiddaw 
granites (Selby et al., 2008). The late Silurian to early Devonian batholith therefore formed in 
a region of the mid-crust that had hosted a late Ordovician magma body some 25 million 
years earlier. 
 
6.4 Emplacement model for the Shap granite  
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We suggest that the evolution of the Shap granite should be considered in three distinct stages 
(Fig. 8). The first is likely to have involved the development of a lower crustal hot zone 
(Annen et al., 2006) by repeated injections of mafic, mantle-derived magma during regional 
transtension (Brown et al., 2008; Miles et al., 2016). The onset of this process is difficult to 
constrain, but the oldest zircon age of 428 ± 4 Ma provides a minimum estimate. In response 
to this, lower crustal rocks are likely to have undergone partial melting that is documented in 
the crust-like isotope signatures of whole-rocks and minerals (Halliday, 1984; Miles et al., 
2014). These melts are also likely to have inherited high La/Yb values due to the presence of 
garnet in the lower crustal source region (O’Brian et al., 1985). The absence of xenocrysts 
may reflect an absence of zircon in the source rocks and/or resorption by zircon 
undersaturated magmas. During the incubation period of Annen et al (2006), evolved 
magmas are thought to develop within isolated areas of the hot zone. Within these regions of 
differentiated melt, a variety of accessory minerals may have developed with a range of 
compositions and ages. However, it remains unclear whether the weighted mean zircon age 
of 415.6 ± 1.4 Ma reflects crystallisation mainly within the lower crustal hot zone or within a 
shallower mid-crustal batholith.   
 
The second stage of magma evolution involved assembly of the Lake District batholith within 
the mid crust (Fig. 8). Assembly is thought to have occurred due to the episodic ascent of 
accumulated granitic melts from the lower crustal hot zone. Although we cannot rule out the 
possibility that these ascending magmas carried a mixed population of accessory minerals 
from the lower crustal hot zone, most of the larger silicate minerals seem likely to have 
developed within this growing mid crustal batholith. At least one batch of mafic magma was 
injected into a poorly consolidated crystal mush at 412 ± 2 Ma (revised Rb-Sr feldspar age of 
Davidson et al., 2005) leading to the entrainment of existing K-feldspars and zircon crystals. 
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Complex textural and cryptic compositional zoning patterns within magmatic K-feldspars 
document numerous smaller injections of compositionally different magmas (Cox et al., 
1996). Continued rejuvenation and episodic assembly of the 1500 km
2
 Lake District batholith 
is thought to have continued for c. 10 Ma and until the culmination of Acadian transpression 
at c. 405 Ma.     
 
Gravity surveys indicate that the Shap granite is a steep-sided, cylindrical cupola above the 
larger Lake District batholith (Lee, 1986; Kimbell et al., 2010). The cylindrical shape is 
consistent with emplacement into transtensional sites formed at releasing bends within 
transpressional settings (e.g. Glazner, 1991). It is possible that the transition from 
transtension to transpression encouraged the third and final stage of evolution involving the 
ascent of a rejuvenated crystal slurry from the underlying batholith.  
 
The two main textural varieties seen in the field (Stages I and II) indicate two main stages of 
emplacement at around 405 Ma. The moderately diffuse boundaries between these different 
textural varieties suggest that they were emplaced in quick succession and prior to complete 
solidification of the Stage I granite. The rarity of larger, younger zircons with ages that 
overlap with final emplacement suggests that the majority of zircons large enough to date 
using in situ methods are antecrysts. It remains possible that smaller zircons and/or crystal 
overgrowths may document later stages of batholith growth and final granite emplacement as 
shown at Skiddaw by Selby et al (2008).   
 
Revised whole-rock-mineral Rb-Sr (402 ± 3 Ma) and K-Ar ages (401 ± 7 Ma, Wadge et al., 
1978) support final emplacement at around the time of Acadian deformation. These systems 
are more likely to record final emplacement due to their low closure temperatures (e.g. Villa, 
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1998). Magmatic fluids derived from the underlying batholith are thought to have exploited 
the Shap cupola and are responsible for late-stage molybdenite mineralisation (405.2 ± 1.8, 
Selby et al., 2008). It seems logical that molybdenites should record the youngest magmatic 
event in any system due to the need to accumulate sufficient concentrations of metals in 
vapour phases (e.g. Edmonds and Wallace, 2017) which then migrate to the topmost parts of 
the system.   
 
Conclusions and wider implications  
A complex and extended magmatic history is evident from the combination of different 
dating methods at the Shap granite, Northern Britain. We report a new weighted mean zircon 
U-Pb age of 415.6 ± 1.4 (2) Ma. The absence of Ordovician (and older) zircon crystals rules 
out the possibility of xenocrysts inherited from source rocks. A Rb-Sr feldspar isochron age 
reported by Davidson et al (2005) from a mafic enclave has been revised in light of a new Rb 
decay constant and suggests infiltration of a more mafic magma into a semi-mobile crystal 
mush at 412 ± 2 (2) Ma. Mafic enclaves also contain resorbed K-feldspar and zircon 
crystals scavenged from the host granite and demonstrate an ability to disperse crystals within 
the growing batholith. These ages are at odds with field relations in the thermal aureole of the 
Shap granite that suggest final emplacement occurred at approximately 405 Ma during 
Acadian deformation. A syn-Acadian emplacement age is also supported by molybdenite Re-
Os dates (405.2 ± 1.8, Ma 2, Selby et al., 2008). Revised whole-rock-mineral Rb-Sr and K-
Ar biotite ages (402 ± 3 Ma and 401 ± 7 Ma, respectively, Wadge et al., 1978) also indicate 
syn-Acadian emplacement.  These systems are more likely to record final emplacement due 
to their tendency to be reset at relatively low temperatures. We interpret the apparent age gap 
of approximately 10 Ma between most zircon growth and final granite emplacement as 
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evidence for a protracted history of magmatic activity within the crust. We suggest a three 
stage evolution:  
 
1. Mantle melting triggered by regional transtension led to lower crustal melting and 
to the formation of granitic melts in the lower crust. The oldest reported zircon age of 428 ± 4 
Ma provides a minimum estimate for the onset of this magmatic activity in the lower crust.  
2. The 1500 km
2
 Lake District mid-crustal batholith, imaged by gravity, developed 
incrementally by ascending evolved melts that may also have carried a range of antecrysts 
from the lower crustal hot zone. Although most zircon crystals record a relatively early stage 
of magma evolution, it remains unclear whether they grew mostly in a lower crustal hot zone 
or within a shallower mid-crustal batholith. Either way, the majority of zircon crystals large 
enough for in situ dating record evidence for magmatic activity in deeper parts of the system. 
A similar conclusion was made by a combined zircon U-Pb and thermal modelling study of 
the Mt Capanne pluton in Italy (Barboni et al. 2015) and by high precision dating of zircons 
from Mount St Helens (Claiborne et al., 2010). Batholith assembly beneath the Lake District 
is thought to have occurred over 10 Ma or more due to episodic injections of new magmas. 
The most voluminous injections of new magma are preserved as enclaves, but smaller 
injections are suggested by complex zoning patterns in magmatic K-feldspar megacrysts. The 
crystal mush is likely to have been repeatedly rejuvenated by injections of new magma until 
the culmination of Acadian transpression at around 405 Ma.  
3. Field relations clearly show that the Shap granite was emplaced during the Acadian 
Phase that culminated at around 405 Ma. The change in regional stress regime caused by the 
Acadian Phase may have aided the development of a small cylindrical cupola above the main 
Lake District batholith, potentially within a releasing bend in the regionally transpressional 
system. 
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This study adds to a growing consensus that granites are the product of protracted episodes of 
magmatic activity and that a range of dating methods are required to fully understand the 
emplacement of batholiths. Furthermore, it is evident that the majority of zircon 
crystallisation occurred at deeper crustal levels and prior to final emplacement. Caution is 
urged when using zircon U-Pb geochronology to investigate magma residence times and final 
granite emplacement.      
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Figures 
Figure 1: a) Terrane map of northern Britain and Ireland showing the locations of late 
Caledonian granites and volcanic rocks. Only the Shap granite is named. b) Map of the Shap 
granite (after Soper and Kneller, 1990). A selection of structural data is shown from the 
surrounding country rocks, including inclined bedding (single tick symbols), inclined 
cleavage (black triangular ticks) and cleavage/bedding form lines (dashed grey curves) that 
demonstrate that the near-vertical cleavage is deflected around the Shap granite. Numbers 1 
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and 2 refer to sample locations: 1 – Shap Pink quarry (AM0923, AM0925, AM0926, 
AM0932; 2 –Longfell Gill (Sh06).    
 
Figure 2: Field photographs: a) polished slab at the Shap Wells Hotel. Diffuse boundaries are 
highlighted between different textural varieties of granite, with the Stage I granite particularly 
heterogeneous. Mafic, diorite enclave is visible within the Stage I granite and contains 
partially resorbed and rounded orthoclase megacrysts. b) A 45 x 15 cm mafic enclave within 
the Stage II granite. Entrained orthoclase megacrysts are rounded and partially resorbed. c) 
Multiple mafic enclaves within the Stage II granite. Some orthoclase megacrysts span the 
boundary between granite host and enclave and show increasing degrees of resorption within 
the enclaves. d) Near-vertical cleavage in the Coldwell Formation (Windermere Supergroup), 
Packhorse Hill, with contact metamorphic minerals overgrowing the regional cleavage. e) 
Mineralised area of Stage II granite with disseminated pyrite, chalcopyrite, bornite and pale 
blue molybdenite. f) Contact between Stage I and II granite. Euhedral and anhedral 
orthoclase megacrysts in the Stage I granite suggest variable degrees of disequilibrium 
between populations of megacrysts derived from different melts.    
 
Figure 3: Scanned polished surfaces of granite samples from the Watson Collection 
(University of Cambridge). a) Stage I granite with euhedral zoned orthoclase megacrysts and 
a groundmass of anhedral orthoclase, quartz and biotite mainly interstitial between more 
euhedral plagioclase. Megacrysts formed before groundmass phases and have no 
overgrowths, suggesting little interstitial melt at the time of final emplacement. b) Stage II 
granite with darkened perthitic orthoclase megacrysts caused by later alteration near Stage III 
veins. Megacrysts show late-stage overgrowths invading some groundmass phases. 
Groundmass orthoclase is mostly euhedral with anhedral quartz, biotite and plagioclase. c) 
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and d) Two faces of the same Stage I granite showing a continuum of orthoclase textures 
from euhedral to anhedral. The same textures are visible in both megacrystic and groundmass 
orthoclase and suggest late-stage growth of K-feldspar from interstitial melts during final 
emplacement.  
 
Figure 4: Representative cathodoluminescence (CL) images of zircon crystals from Stage I 
(upper) and II (lower) granite. Pits are from laser ablation analyses. Grain numbers are shown 
beside crystals.  
 
Figure 5: Age-ranked plots showing 
206
Pb/
238
U dates for zircons from five studied samples. 
Box length represent 2SD analytical errors. Boxes bounded by solid lines are crystal core 
ages, dashed boundaries are crystal rim ages. Also shown is the revised Rb-Sr isochron age 
from Davidson et al (2005) and molybdenite Re-Os ages from Selby et al (2008). The 
Acadian deformation phase is defined using cleavage ages based on Ar-Ar and K-Ar methods 
(Merriman et al., 1995; Dong et al., 1997; Sherlock et al., 2003).   
 
Figure 6: A compilation of age data. Zircon ages are plotted as a histogram. The mean 
weighted age of all zircons is shown with a vertical dashed line. Other ages are as described 
in Figure 5.  
 
Figure 7: a) QEMSCAN image of a Stage II granite at 10 µm resolution, with mineral phases 
colour coded and labelled (Bi = biotite, Qtz – quartz, Kfs = Kspar phenocrysts, Pl = 
plagioclase, Zrn = zircon, Ttn = Titanite, IlMg = Ilmenite and Magnetite). b) Occurrence 
matrix in total of six QEMSCAN images showing percentage of zircon grains (n = 174) as 
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inclusions in a mineral (diagonal cells) or in inter-grain sites between minerals (off-diagonal 
cells). 
 
Figure 8: a) Crustal-scale schematic model. Melt is generated in a ‘lower crustal hot zone’ 
formed by repeated emplacement of mantle-derived mafic magmas and lower-crustal 
melting. Any zircon xenocrysts are likely to have been resorbed by zircon undersaturated 
magmas. Silicic magma was generated after an ‘incubation period’ (Annen et al., 2006) and 
probably contained magmatic zircons with a range of U-Pb ages. Following accumulation, 
mobile magmas will have ascended to higher crustal levels. Zircon antecrysts may have been 
transported by these magmas to shallower depths. b) Evolution of mid-crustal batholith 
shown in boxed area in a). Repeated pulses of magma are emplaced into a growing crystal 
mush. New crystal growth is likely to have occurred here with further crystal movement 
caused by episodic rejuvenation of the mush. A 412 Ma isochron age from enclave-hosted 
feldspars (Davidson et al., 2005) suggests an episode of mafic magma injection at this time. 
Enclaves have inherited the mixed population of zircon antecrysts from the mush along with 
orthoclase megacrysts that existed at this time. The onset of Acadian transpression at around 
405 Ma led to localised areas of extension within releasing bends. Steep-sided cupolas (like 
Shap) developed above the main mush body and preserved the large-scale heterogeneity 
developed over the preceding c. 10 Ma within the main batholith. Residual heat and 
interstitial melts produced a thermal aureole in the surrounding country rock that was broadly 
coincident with cleavage development. Where sufficient interstitial melt remained, zircon 
overgrowths developed and provide the closest approximation to the emplacement age. The 
Shap ‘cupola’ acted as a conduit for magmatic fluids to escape from the main mush body, 
leading to late-stage mineralisation.   
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Highlights 
 A combination of geochronological methods is used to reveal a more complex 
and protracted evolution than indicated by application of any single dating 
method.  
 The majority of zircon crystallisation occurs at deeper crustal levels and prior 
to final magma emplacement.  
 The combination of geochronology and field relations provides a valuable 
insight into the longevity of magmatic systems within the crust. 
 Final granite emplacement can only be indicated by the youngest zircon ages. 
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